Introduction
The chemokine system orchestrates cell migration in organogenesis, homeostasis, inflammation, and immune responses [1] [2] [3] [4] [5] . The ligands form a large family, consisting of small, structurally related cytokines and 2 TM proteins (see Supplemental Fig. 1 for chemokine-chemokine receptor relationships). The receptors belong to the class A rhodopsin-like family of GPCRs (also known as 7TMRs) [3, 6] . The receptors are expressed on the surface of many different cell types, including leukocytes, and signal mainly through pertussis toxin-sensitive heterotrimeric G proteins. Because of their essential roles in inflammatory diseases, HIV infection, and cancer metastasis, chemokine receptors are one of the most extensively studied groups of the 7TMR superfamily and are also regarded as promising drug targets. To date, chemokines and chemokine receptors are found only in the vertebrates, and the emergence of the chemokine system seems to be coincident with the appearance of adaptive immunity [7, 8] . In the human genome, a total of 18 "chemotactic" chemokine receptors have been identified so far. In addition, there are 5 "atypical or decoy" chemokine receptors that bind chemokines but do not transmit classic chemotactic signals via G proteins [3, [9] [10] [11] [12] . Recently, a new nomenclature system has been proposed for the atypical receptors: ACKR1 (Duffy antigen receptor for chemokines/DARC), ACKR2 (chemokine-binding protein 2/CCBP2), ACKR3 (CXCR7), ACKR4 (chemokine C-C motif receptor-like 1/CCRL1), and ACKR5 (chemokine C-C motif receptor-like 2/CCRL2) [3] . The human genome has 1 large gene cluster harboring 13 chemokine receptor genes on chromosome 3 [13] . A similar gene cluster is found in other mammals and birds but not in teleosts (bony fish). This genomic organization suggests that these genes have been generated through multiple segmental gene duplication events relatively recently in evolutionary terms. This makes the orthologous relationships often obscure even between human and mouse genes. Ten other human chemokine receptor genes are distributed on 6 different chromosomes [13] . Furthermore, several herpes and pox viruses encode viral chemokine receptors in their genomes, which may have been hijacked from their hosts by molecular piracy [14] . Interestingly, such viral chemokine receptors are often constitutively active unlike their endogenous counterparts.
We have previously proposed systematic nomenclature systems for the vertebrate chemokines and chemokine receptors based on the evolutionary history of their genes [7, 13] . We could assume that the ancestral vertebrate had the primordial gene for a chemokine receptor on protochromosome E (see Supplemental Fig. 2 ). After 2 rounds of whole genome duplication and further segmental duplication events during early vertebrate evolution, the gnathostome ancestor could have had 14 ancestral genes existing on 5 protochromosomes. Since then, chemokine receptor genes have evolved further in the lineages of teleosts and mammals. By reconstructing the evolutionary history, we are now able to assign confidently the orthologous relationships of the vertebrate chemokine receptors [7, 13] . Here, we summarize conservation and lineagespecific changes in sequence motifs and residues of vertebrate chemokine receptors that are presumed to be critically involved in their activation mechanisms.
THE STRUCTURE OF CHEMOKINE RECEPTORS
The 7TM a helices of the rhodopsin-like family of receptors are connected by 3 ECLs and 3 ICLs (see Fig. 1 ). The conformation of 7TM a helices is constrained by a disulfide bond between ECL1 and ECL2 [15] . Chemokine receptors and also those for some neuropeptide and peptide hormones have an extra disulfide bond linking the N terminus and the top of TM-VII [16, 17] . This extra disulfide bond is likely to keep the membranespanning helices in a circle to maintain the 3D structure of chemokine receptors [18] . In the case of CXCR6, however, the extra 2 Cys residues are absent in mammals, birds, reptiles, and amphibians [19] (see Fig. 2 ). (The amino acid sequences of 369 chemokine receptors from 18 vertebrate species in the FASTA format and their alignment can be downloaded from http://hdl. handle.net/2298/31021.) Cartilaginous fish have the extra 2 Cys residues, whereas ray-finned fish lack CXCR6 itself (see Fig. 3 ). Thus, the extra 2 Cys residues in CXCR6 may have been lost in the lineage of lobe-finned fish after the diversification from cartilaginous fish. As the 2 disulfide bonds are presumed to play pivotal roles in chemokine receptor conformation and ligand binding [20] , there may be a unique feature in the binding of CXCR6 and its ligand CXCL16, which is 1 of the 2 TM-type chemokines.
TWO-STEP MODEL OF CHEMOKINE RECEPTOR ACTIVATION
A two-step model has been proposed for the activation of chemokine receptors [21, 22] . In the first step, the core globular domain of a chemokine binds to the N-terminal extension and ECL2 of its receptor. These regions, which are called the Figure 1 . Positions of the evolutionary conserved motifs and residues in chemokine receptor CXCR4. In the TM helices, there are several motifs and residues that are highly conserved among rhodopsin-like receptors, including chemokine receptors, and are involved in the receptor activation and/or structural constraint. In the present review, we use the Ballesteros-Weinstein numbering system [33] to indicate the location of each residue. This system designates the most conserved residue in a TM helix "x" as x.50, i.e., the number 50 is given to a highly conserved residue in each TM (indicated by an Arabic number). For example, the three residues of the DRY motif at the intracellular end of TM-III (see below) are Asp3.49, Arg3.50, and Tyr3.51. Each residue can also be indicated by the Baldwin numbering system [45, 46] (see Table 1 ). This system designates each residue on the basis of its location within each TM helix (indicated by a Roman number). The residues consisting of motifs, the most conserved residue (x.50) in each TM helix, the residues interacting with micro-switches, and Cys residues involved in disulfide bonds are colored pink, yellow, green, and blue, respectively. The disulfide bonds are indicated by bold lines, whereas interaction partners in the inactive and active states are indicated by dotted lines. The conserved residues Trp2.60 and the residues important for ligand binding, Asp2.63, Asp4.60, Asp6.58, and Glu7.39 [19, 34] , are also shown. The structure of human CXCR4 (352 residues in length) in this figure is based on ref. [19] . The N-and C-terminal sequences are truncated. The extracellular end of helix VII in human CXCR4 is longer by 2 helical turns than those of other 7TMRs so that the Cys residue, which is involved in a disulfide bond with a Cys residue in the N-terminal extension, is located at the tip of helix VII. In CXCR4, a short a helix 8 is not observed. The conserved motifs and residues, including the micro-switches are the following: (1) DRY motif (also known as DRYLAIV motif); this is a conserved motif located at the intracellular end of TM-III, of which Arg3.50 works as a micro-switch. (2) CWxP motif; a conserved motif located at TM-VI, of which Trp6.48 and Cys6.47 function as micro-switches; the Pro6.50 creates a kink in TM-VI. (3) NPxxY(x) 5, 6 F motif (also known as NPxxY motif); this is a conserved motif located at the boundary between TM-VII and the Phe residue in the following cytoplasmic helix; the Phe residue is located 7 residues downstream from the Tyr7. 53 (TyrVII:20) in the chemokine receptors; the Tyr7.53 functions as a micro-switch; and the Pro7.50 creates a kink in the TM-VII. (4) TxP motif; it is found in the TM-II of chemokine receptors; the residue conservation of Thr2.56 and Pro2.58 in the rhodopsin-like family is 23% and 41%, respectively, and in chemokine receptors, 67% and 99%, respectively; the presence of this motif has significant effects on the helix conformation of the TM-II and the receptor activation. "chemokine recognition sites" [21, 23, 24] , define receptor specificity and affinity. Within the chemokine recognition sites of a given receptor, different chemokines may interact with different residues if there are multiple ligands [25, 26] . Sulfation of the N-terminal tyrosine residues is often highly critical for ligand binding [18, 27, 28] . These regions also play important roles in HIV-1 binding and entry [29] [30] [31] . In the second step, the flexible N terminus of a chemokine interacts with the "major ligand-binding pocket" buried in the cavity formed by the extracellular (outer) parts of the bundle of TM-III, -IV, -V, -VI, and -VII [15, 32] . This induces an overall change in the receptor conformation that initiates signal transduction. In the case of 5, 6 F motifs are indicated with red letters. Letters highlighted with green are the most conserved residues (x.50) in each TM region. Letters highlighted with gray are other evolutionary conserved residues. The Cys residues that are assumed to be involved in disulfide bonds are highlighted in blue. TM regions (TM-I;VII), data of which were taken from Swiss-Prot (http://web.expasy.org/docs/swiss-prot_guideline.html), are underlined.
CXCR4, several negatively charged residues, such as Asp2.63, Asp4.60, Asp6.58, and Glu7.39 (Ballesteros-Weinstein numbering system, where the numbers from 1 to 7 indicate each TM region [33] ; see Fig. 1 legend for the details), are key for its ligand CXCL12 binding (see Fig. 1 ) [19, 34] . Consistently, the N-terminal residue of CXCL12 is Lys, a basic residue that may interact with one of these acidic residues [19] . In the case of CCR5, however, the above acidic residues are substituted to uncharged residues, except for Glu7.39, and residues, such as Tyr1.39 and Trp6.48, were instead shown to interact with the N terminus of its ligand CCL3, whose N-terminal residue is Ala [35, 36] . Thus, the N-terminal residues of chemokines are important for receptor activation, and chemokines with truncated N termini often behave as antagonists, still capable of binding to their cognate receptors with high affinity [37] . Conversely, some chemokines with long N-terminal extensions, such as "plasma chemokines" [38] , often exhibit increased agonist activity by a successive N-terminal proteolytic processing [39, 40] .
CONSERVED MOTIFS AND MICRO-SWITCHES IN CHEMOKINE RECEPTORS
A number of studies have identified conserved motifs and residues that are involved in the activation of rhodopsin-like receptors [15, 41, 42] . It is now considered that the 7TMR activation is associated with a relatively large, overall change in the arrangement of TMs. Upon ligand binding, the "extracellular (outer)" parts of the TM helices move inward, whereas the "cytoplasmic (inner)" parts of the TM helices tilt outward to facilitate interactions with G proteins and/or b-arrestins [32] . Prolines in TM-VI and TM-VII participate in this vertical seesaw movement as pivots. The integral parts of this "global toggle switch model" of 7TM activation are the so-called molecular "micro-switches" that mediate transition from inactive to active states by inducing conformational changes [15] . These microswitches are highly conserved in 7TMRs in general and also in the chemokine receptors. However, all micro-switches may not be necessarily used for activation of a given 7TMR [43] . Different micro-switches used by different ligands may cause different receptor conformations, which may favor G protein or b-arrestin interactions [44] . The interface between a chemokine receptor and the G protein involves ICL2, in addition to TM-V and TM-VI, whereas the b-arrestin interacts with TM-VII [44] .
The DRY motif with Arg3.50 micro-switch
The DRY motif (Asp3.49-Arg3.50-Tyr3.51) is found at the boundary of TM-III and ICL2 ( Fig. 1) and is well conserved in most rhodopsin-like receptors (see Table 1 ). (For the locations of motifs in each human chemokine receptor, see Supplemental Table 1 .) However, rhodopsin itself has Glu instead of Asp at the residue 3.49. Thus, the motif is also called E/DRY motif. Within this motif, Arg3.50 functions as a micro-switch. In the inactive conformation, Arg3.50 interacts with its neighboring Asp3.49, which thus, functions as the lock for inactive conformation [47] . In the active conformation, Arg3.50 is thought to interact with well-conserved Tyr5.58, located at the boundary of TM-V and ICL3 (see Table 1 ) and G proteins [15, 48] . The DRY motif and Tyr5.58 are also highly conserved in the vertebrate chemokine receptors (see Table 1 and Supplemental Table 2 ). [7] . For example, CXCR1 and CXCR2 are grouped as CXCR1/2, as the 2 genes were generated by duplication only in mammals. The protochromosomes (E0, E1, and E2) of the gnathostome ancestor, on which chemokine receptor genes existed [7] , are shown on the left. The chemokine receptor genes in each vertebrate lineage are shown by filled circles. Chemokine receptors present in the human major gene cluster [13] are indicated by open circles. The three types the CWxP motif, namely, CWxP, xWxP, and xQxP, are indicated by open squares, open triangles, and small filled circles, respectively. Chemokine receptors with Phe to Leu substitution at 5.47 in tetrapods and teleosts are indicated by filled squares. Chemokine receptors with Glu7.39, Ala2.49, or Ser2.49 are indicated by filled triangles, open stars, and filled stars, respectively. As the CCR6 and CXCR5 ancestor genes are assumed to have been translocated from protochromosome E2 to B2 and from E1 to J0, respectively, they are simply assigned to E2 and E1 in this figure. The protochromosomes on which CCR13 and ACKR1 ancestor genes existed are unknown and thus indicated by "?".
In the case of XCR1, however, Asp3.49, the lock for the neighboring micro-switch Arg3.50, is substituted to His in mammals and amphibians and to Leu in birds (Supplemental Table 2 ). As XCR1 of elephant shark has Asp at this site, the substitution to His may have occurred in the gnathostome ancestor (see Fig. 3 ). Subsequently, His was replaced with Leu in birds. As the replacement of the acidic Asp3.49 to neutral Ala or Asn in receptors, such as a 1b adrenergic, b2 adrenergic, V 2 vasopressin, and histamine H 2 , results in constitutive activation [47, [49] [50] [51] , the substitution to basic His or neutral Leu may also lead to some constitutive activation of XCR1 through unlocking the micro-switch Agr3.50. In the case of mammalian CXCR6, on the other hand, Tyr3.51 of this motif is substituted to Phe (Supplemental Table 2 ). However, this substitution may not have a significant impact on CXCR6, as Tyr and Phe are similar to each other. Given that the elephant shark CXCR6 has Tyr, the substitution to Phe may have occurred at the stem of tetrapods, along with loss of the two extracellular Cys residues involved in a disulfide bond (see above). Furthermore, ACKRs, such as ACKR1 and ACKR5, have substantially altered DRY motifs, explaining their inability to mount classic chemotactic signals [11] . Likewise, the DRY motif is also substantially altered in virus-encoded receptors, suggesting their altered biologic activities [14] . An exception is ACKR3/CXCR7, whose sequence (DRYLSIT in human) is not so divergent from the canonical sequence (DRYLAIV) [11] (Fig. 2) .
However, the replacement of DRYLSIT with canonical DRYLAIV in ACKR3/CXCR7 still failed to induce classic chemokine receptor signaling [52] , suggesting that other residues are also involved in efficient G protein coupling.
The CWxP motif with Trp6.48 and Cys6.47 micro-switches
The CWxP motif (Cys6.47-Trp6.48-x-Pro6.50) in TM-VI is highly conserved in the rhodopsin-like family (x denotes any amino acid; see Table 1 ). Pro6.50 creates a kink or bend in TM-VI and serves as a pivot for the helical movement during receptor activation [15, 32, 41] . In this motif, Trp6.48 is a micro-switch [15] , which is stabilized by hydrogen bonds in TM-III and -VII [42] . Upon receptor activation, Trp6.48 interacts with Phe5.47 in TM-V, which is 70% conserved in rhodopsin-like receptors [15, 25, 32, 35, 36 ] (see Table 1 ). Cys6.47 of this motif is also suggested to work as a micro-switch [53] . In the inactive state, Cys6.47 interacts with Asn7.45 in TM-VII (see Table 1 ) to keep Asn7.49 of the NPxxY(x) 5, 6 F motif (see below) away from Asp2.50 in TM-II. Ligand binding disrupts this interaction, leading to interaction of Asn7.49 with Asp2.50 and outward tilting of the intracellular part of the TM-VI [53] .
In chemokine receptors, the CWxP motif in TM-VI can be grouped to 3 types: CWxP, xWxP, and xQxP (Supplemental a Conservation values of the rhodopsin-like family are taken from the references [54, 59] . b Composition of amino acids at each position in vertebrate chemokine receptors is shown in Supplemental Fig. 3 . c In addition to the Ballesteros-Weinstein numbering system [33] , each residue is also indicated in parentheses by the Baldwin numbering system [45, 46] .
d The inactive conformation can be maintained by a salt bridge between Arg3.50 and Asp/Glu6.30 [42, 63] , but there is no such acidic residue at 6.30 in the chemokine receptors.
e The value is not shown in the reference [54] since the residue is located in ICL3. f Pro at 2.59 is found in 37% of the rhodopsin-like family. Table 2 ). Thus, in the xWxP and xQxP types, the micro-switch Cys6.47 has been substituted. In addition, Trp6.48 is substituted to Gln in the xQxP type [54] . As all 5 chemokine receptors identified so far in sea lamprey are of the CWxP type, it is certainly the prototype. The CWxP motif is found in CXCR1, CXCR2, CXCR3, CXCR4, CXCR5, CXCR3L, CCR4L, CCR6, CCR12, CCR13, and ACKR3/CXCR7 (Fig. 3) . Most of these genes were considered to be located on the gnathostome protochromosome E0 and a restricted region of the protochromosome E1, suggesting their close relationship (Fig. 3) . The xWxP type includes CCR1, CCR2, CCR3, CCR4, CCR5, CCR8, CCR11, CX3CR1, XCR1, ACKR1, ACKR2, and ACKR5 (Fig. 3) . Except for ACKR1, the members of this type are closely related to each other and constitute a branch in the phylogenetic tree, implying their common origin (Fig. 3) . The xQxP type contains CXCR6, CCR6, CCR7, CCR9, CCR10, and ACKR4 (Fig. 3) . The members of this type also constitute a branch in the phylogenetic tree.
In the xWxP and xQxP types, the micro-switch Cys6.47 has been substituted to Thr, Phe, Ser, or Leu. Thus, although Cys6.47 is found in 74% of the rhodopsin-like family, it is less conserved (41%) in the chemokine receptor family (see Table 1 ; in Supplemental Fig. 3 , composition of amino acids at each position in vertebrate chemokine receptors is shown). This is also consistent with the fact that Asn7.45 in TM-VII, which is the interacting partner of Cys6.47 in the inactive state, is conserved 75% in the rhodopsin-like family but less than 1% in chemokine receptors (see Table 1 ). Thus, the absence of Asn7.45 might have led to the substitution of Cys6.47 in chemokine receptors. In tetrapods, Asn7.45 is substituted to His except for CXCR6, CCR7, and CCR10, where it is Arg (Supplemental Table 2 ). Furthermore, as Olivella et al. [53] have observed no direct interaction between Cys6.47 and His7.45 in the case of human CXCR4, interactions between Ser, Thr, Phe, or Leu at 6.47 and His or Arg at 7.45 may also be unlikely. Given that in the rhodopsin-like family, Cys6.47 interacts with Asn7.45 to keep Asn7.49 away from Asp2.50 in the inactive state, it is interesting to see whether different interactions keep Asn7.49 away from Asp2.50 in the chemokine receptors.
Like the rhodopsin-like family, Trp6.48 of the CWxP motif in chemokine receptors may interact with Phe5.47 upon receptor activation. However, Phe5.47 is substituted to Leu in CXCR4, CCR1, CCR2, CCR3, CCR4, CCR5, and CCR8 of tetrapods and teleosts ( Fig. 3 and Supplemental Table 2 ). This suggests that the substitution had occurred in the lineage of teleost after the diversification of cartilaginous fish and teleosts (Fig. 3) . As both Phe and Leu have large, nonpolar side-chains, however, the substitution may not have a significant impact on the interaction with Trp6.48. On the other hand, Trp6.48 itself is substituted to Gln in the xQxP type [54] (Fig. 3) . The essential role of the Trp6.48 has been shown in CCR5, where its substitution to Ala resulted in complete inactivity of signaling [55] . As the xQxP-type genes belong to the same branch in the phylogenetic tree, the mutation might have occurred before the diversification of the gnathostome ancestor (Fig. 3) . The substitution of Trp6.48 to Gln may have a profound effect on the interaction with Phe5.47 in TM-V during receptor activation because of the decrease of the side-chain volume and the hydrophobicity of Gln compared with Trp. Thus, the xQxP motif may only have a minor signaling role in this group of chemokine receptors.
Recently, covarying residues that are related to the diversification of the chemokine receptor family have been identified by analyzing a multiple sequence alignment of the human chemokine receptors [56] . The residue at 2.49, Ala or Ser, is a central residue working as a "hub" in the network of covarying residues. Ser2.49 is found in CXCR3L, CCR1, CCR2, CCR3, CCR4, CCR5, CCR8, CCR11, CCR12, XCR1, CX3CR1, ACKR2, and ACKR5, whereas Ala2.49 in CXCR1, CXCR2, CXCR3, CXCR4, CXCR5, CXCR6, CCR6, CCR7, CCR9, CCR10, CCR13, ACKR3, and ACKR4 (Fig. 3) . The former group of receptors has been generated relatively recently (Fig. 3) , recognizes mainly inflammatory chemokines, and contains xWxP motif. In contrast, the latter group of receptors is more ancient, binds mainly homeostatic chemokines, and contains either CWxP or xQxP motif. The residue at 2.49 thus differentiates the chemokine receptors into 2 groups. The residue covaries with 9 residues with high connectivity, 6 of them residing in TM-III [56] , which plays a key role in the structural rearrangements of the helix bundle during the receptor activation [57] . Although Cys6.47 and Trp6.48 are not included in the 9 residues, both residues are among the network containing the 9 covarying residues.
The NPxxY(x) 5, 6 F motif with Tyr7.53 micro-switch
The NPxxY(x) 5, 6 F motif (Asn7.49-Pro7.50-x-x-Tyr7.53-(x)5,6-Phe7.60) is located at the boundary between TM-VII and a cytoplasmic helix 8 immediately following the TM-VII (Fig. 1) . In CXCR4, the helix 8 is not, however, observed [19] . The motif is highly conserved in the rhodopsin-like receptor family (see Table 1 ). Tyr7.53 of this motif works as a micro-switch [15, 41, 58] and interacts with Phe7.60 in the inactive state. In the active state, Tyr7.53 interacts with a cluster of hydrophobic residues between TM-VI and TM-VII to stabilize the outward tilt of TM-VI.
The NPxxY(x) 5, 6 F motif is also highly conserved in chemokine receptors (see Table 1 ). In mammalian ACKR1, ACKR2, and ACKR3/CXCR7, however, the motif is altered to TPxxL(x) 6 (A/T), (S/T)PxxY(x) 6 F, and NPxxY(x) 6 Y, respectively (Supplemental Table 2 ). Interestingly, Tyr at 7.60 is also seen in human serotonin receptor 2C [58] , which exhibits a modest agonist-independent signaling activity. Thus, Tyr7.60 in ACKR3/CXCR7 may also confer some agonist-independent signaling activity to ACKR3/CXCR7.
Phe6.44 micro-switch
Phe6.44 in TM-VI is highly conserved in chemokine receptors (see Table 1 ). The residue functions as a micro-switch [43] . In the inactive state, it is locked between the backbone and hydrophobic residues in TM-III, whereas it rotates into a pocket generated by residues from TM-III and TM-V during receptor activation. Phe6.44 is substituted to Tyr in CCR2, CCR5, and XCR1 of tetrapods and to Ser in CCR8 of placental mammals (Supplemental Table 2 ). As the side-chains of Phe and Tyr are aromatic, Tyr6.44 may still work as the micro-switch. Indeed, in human CCR5, Tyr6.44 is involved in the conformational change during receptor activation [35] . When Tyr6.44 was mutated to Ala, CCR5 lost its signaling activity [55] . In CCR8, however, the side-chain of Ser is not aromatic, and there seems to be no surrounding residues that could form hydrogen bonds with Ser6.44 in CCR8. Thus, it may not function as a micro-switch.
OTHER CONSERVED RESIDUES FOUND IN CHEMOKINE RECEPTORS

TxP motif
In addition to the above-mentioned common motifs in the rhodopsin-like receptor family, chemokine receptors have a highly conserved TxP motif (Thr2.56-x-Pro2.58) in TM-II (Fig. 1) . Although the motif does not contain a micro-switch, it plays an important role in receptor activation following ligand binding [25, 37, 59 ]. Pro2.58, which creates a kink in TM-II, is almost 100% conserved in the vertebrate chemokine receptors (see Table 1 ). The exceptions are platypus ACKR5 and zebrafish XCR1bd. However, zebrafish XCR1bd has Pro at 2.59 instead. On the other hand, Thr2.56 is found in 67% of the vertebrate chemokine receptors (see Table 1 ). Thr2.56 is substituted to Ser in several chemokine receptors, such as CCR4 and CCR8 (Supplemental Table 2 ). Both Thr and Ser at 2.56 induce further helical bending. Indeed, the substitution of Thr2.56 to Ser in human CCR5 causes no change in affinity for its ligands, but reduces its E max [37] .
Glu7.39
Glu7.39 in TM-VII is found in 54% of the chemokine receptors but only 1% of nonchemokine receptors [60] (see Table 1 ). The residue functions as an anchor point for small-molecule, nonpeptide antagonists and agonists in several chemokine receptors and is also involved in natural ligand binding [19, [60] [61] [62] . Glu7.39 is substituted in receptors, such as CXCR3, CCR7, CCR9, CCR10, CCR12, XCR1, ACKR3/CXCR7, and ACKR5 (Supplemental Table 2 ). There is no definite relationship between the presence of Glu7.39 and their phylogenetic relationships (Fig. 3) . Notably, CXCR4 and ACKR3/CXCR7, which are closely related to each other and represent the oldest chemokine receptors, have Glu and Gln at 7.39, respectively, in all vertebrates, including the sea lamprey.
Trp2.60
Nonpeptide antagonists of the CC chemokine receptor are known to interact with residues in the major and minor binding pockets. Trp2.60, in TM-II, exists in the "minor binding pocket," located between the extracellular segments of TM-I, -II, -III, and -VII [59] . The residue is found in 72% of the vertebrate chemokine receptors but only 15% of the rhodopsin-like family ( Table 1 ). Trp2.60 is known to be important for both smallmolecule and natural ligand binding [61, 62] . Trp2.60 is substituted in CXCR5, CCR8, and CCR10 of all vertebrates (Supplemental Table 2 ). Of note, Gln2.60, in human CCR8, is essential for its activity, as the replacement of Gln to Trp at 2.60 has a negative effect [61] .
CHEMOKINE RECEPTOR ACTIVATION BY MULTIPLE LIGANDS
One of the hallmarks of the chemokine system is a binding promiscuity [64] . Thus, chemokine receptors, especially those that recruit leukocytes in inflammatory responses, often bind multiple chemokines. When 1 chemokine receptor binds more than 2 chemokines, the binding sites of the chemokines are only partially overlapping, and their affinities may be different [25] . Thus, the signaling intensity or pathway may vary, depending on the micro-switches that are activated by individual ligands [44] . This is because each chemokine contacts with a different set of residues in the major ligand-binding pocket and may induce different helical rearrangements with biased G protein or b-arrestin coupling [44] . Furthermore, the N-terminal lengths and residue compositions of chemokines that bind the same chemokine receptor are different. Thus, it is not surprising that different ligands may have different mechanisms of receptor activation and signaling activities [25, 42] . Although 3D structures of several chemokine receptors have been determined so far [19, 35, 65] , those in complex with chemokine ligands have not yet been resolved. Such data will elucidate the dynamic functions of the chemokine receptors during ligand binding and receptor activation.
CONCLUDING REMARKS
Similar to other 7TM receptors, chemokine receptors have highly conserved motifs and residues that are important for structural constraints and receptor activation. The motifs often contain specific residues, called micro-switches, which induce movements of TM helices upon ligand binding. However, these motifs or residues are not always conserved in all vertebrate chemokine receptors. For example, chemokine receptors of some lineages often have a specific amino acid change in a given motif or residue, which may affect their activation mechanism. Lineage-specific alterations also suggest that such amino acid substitutions were introduced at some early stages of vertebrate evolution. Although not all of the micro-switches are necessary for receptor activation, the substitutions may affect the signaling intensity and pathways. In some cases, substitutions, such as Trp6.48 to Gln in the CWxP motif, may have a deleterious effect on the motif. Thus, the same receptor may have different activities after substitutions during vertebrate evolution, which may result in different functions. From our present analysis on the conserved motifs and residues of chemokine receptors, we can now infer the sequences of conserved motifs and residues in the ancestor of each lineage and their evolutionary changes from those in extant species. Supplemental Fig. 4 illustrates such changes during the vertebrate evolution by use of three representative chemokine receptors: CXCR4, CXCR1, and CCR5. Thus, phylogenetic analyses would provide valuable insights into the structural and functional diversifications of the vertebrate chemokine receptor family during evolution. Furthermore, resolutions of crystal structures of receptor-ligand complexes would provide essential cues for our understanding of how a chemokine receptor transmits signals upon ligand binding and how a single chemokine receptor can be activated differentially upon binding by multiple and divergent ligands.
